Ntziachristos. Threedimensional optoacoustic tomography using a conventional ultrasound linear detector array: wholebody tomographic system for small animals.. Medical Physics, American Association of Physicists in Medicine, 2012, 40, pp.013302 Purpose: Optoacoustic imaging relies on the detection of ultrasonic waves induced by laser pulse excitations to map 10 optical absorption in biological tissue. A tomographic geometry employing a conventional ultrasound linear detector 11 array for volumetric optoacoustic imaging is reported. The geometry is based on a translate-rotate scanning motion 12 of the detector array, and capitalizes on the geometrical characteristics of the transducer assembly to provide a large 13 solid angular detection aperture. A system for three-dimensional whole-body optoacoustic tomography of small 14 animals is implemented.
I. INTRODUCTION 34
Optoacoustic (photoacoustic) imagingis a noninvasive imaging modality for high-resolution 35 mapping of optical absorption in biological tissues 1, 2 . The methodresolves optical absorption by detecting 36 broadband ultrasonic waves generated within the tissue following the absorption ofpulsed 37 illumination.The conversion from optical energy to mechanical wavesoccurs through the thermo-elastic 38 expansionof transiently heated absorbers, and its efficiency is strongly sensitive to the optical absorption 39 of the tissue structures. Similarly to optical imaging, the penetration of optoacoustic imaging, for 40 ultrasonic frequencies below 20-30MHz, is primarily limited by the light attenuation in tissues 3 . However, 41 optoacoustic imaging offers at mesoscopic and macroscopic scale a higher resolution than optical 42 imaging, even when compared to pulsed illumination time-domain optical imaging 4 , thanks to the weak 43 scattering of ultrasound wavesin soft tissues.Thereby, optoacoustic computed tomography (OAT) can 44 provide optical contrast images with ultrasounddiffraction-limited resolution 5 . Additionally, light 45 scatteringin biological tissue, and three-dimensional (3D) propagation of optoacoustic waves make 46 macroscopicoptoacoustic imaging aninherently three-dimensional modality. 47
Volumetric images of the organ 6-10 and vascular 11-15 anatomies of healthy small animals, as well 48 as human breast 13 and arm 16 , have been obtained non-invasively usingthe endogenous optical absorption 49 contrast in tissue, and were found to provide 3D visualization of tissue and vascular architecture. 50 Localizationof molecular biomarkers 10, 17, 18 , induced thermal lesions 19 or tumor vascularization 20 have 51 further shown great potential and application versatility of optoacoustic imaging. 52
Differentexperimentaltomographic configurationshave been proposed and implemented to obtain 53 3D macroscopic optoacoustic images 21 .In these configurations, ultrasonic detectors were arranged along 54 spherical 6-9, 13 , cylindrical, circular 5, [22] [23] [24] [25] [26] [27] [28] ,or planar 11, 15-17, 29, 30 surfaces.The choice of the detection 55 geometry is usually dictated experimentally by practicalconstrains such as the size of the imaged animal 56 or tissue, and the positioning of the illuminationsystem. Overall, the geometricalarrangement of the 57 detectors influences the spatial resolution achieved in optoacoustic tomography and the visibility oftissue 58 structures, since limited view issues may arise from partial enclosure of the sample 31, 32 .Besides the 59 detection geometry,detector properties such as spatial and electrical (bandwidth)responsesalso influence 60 the achieved resolution and image quality. For example, the spatial directivity of a detector,due to its 61 finite size and focusing properties, defines the angular aperture and the dimension of the volume covered 62 by its sensitivity field, and may lead to distortions of the collected optoacoustic signal 5, 33 .Moreover, as 63 6 pulse energy at the laser output of ~70mJ.This wavelength ensures a good penetration in biological tissue 124 and a contrast to deoxygenated hemoglobin 41 . 125
Ultrasound detection was performed with a 128-element linear array designed for small parts and 126 vascular ultrasonography imaging:Acuson L7 (Siemens Healthcare). The width of one element is 270 µm, 127 with a kerf of 30µm (i.e a pitch of 300µm), and itsheight is 4.0 mm. The elements are cylindrically 128 focused using an acoustic lens. The focal length was determined experimentally to be around 19mm. The 129 fixed f-number of the probe is therefore ~ 4.75, which can be considered as a weak focus. The probe has 130 been designed to be used in ultrasonography at 7MHz and in Doppler mode at 5MHz. The array was 131 covered with an acoustically-transparentmetallized Mylar film to avoid direct illumination of the 132 elements. The detected signals weredigitized at 40MS/s and with a 12-bit resolution over a 16mV range, 133 witha 128 channelcustom built data acquisition system. 134
The linear array was mounted on two motorized stages: a rotarystepper motor (PRM1/MZ8, 135
Thorlabs GmbH, Karlsfeld, Germany) and a linear translation stage(MTS50/M-Z8, Thorlabs GmbH, 136
Karlsfeld, Germany). The stages were hanged from a platform above the water tank, and arranged in 137 order that the translation stage couldbe rotated.The linear array was mounted on the linear translation 138 stage so that its median plane was perpendicular to the translation axis of the stage. 139
The data acquisition system and the motors were computer-controlled. The following sequence 140 was used for the acquisition. The laser was run continuously at 10Hz and triggered the acquisition 141 system.For each detector position, ten acquisitions were averaged and the result stored in the 142 computerbefore advancing to the next position. Averaging was employed to increase the signal-to-noise 143 ratio by averaging noise and laser fluctuations. The detector array was moved to discrete positions along the contour of a polygon (Figure 1 (b) ). 156
Each of the linear segments of the contour (polygon sides) wastangent to a circle centered on the axis 157 ofrotation. The radius r of this circlewas set to be approximately equal to the focal length of the array(r ≈ 158 19 mm),and was more accurately determined by imaging a calibrated phantom (see D). For the sake 159 ofsimplicity, thelinear segmentswerechosen symmetric with respect to the perpendicularradiiof the circle, 160 and the anglesbetween two consecutive radii had all the same measureθ=1.5°.The two extreme radii of the 161 polygonal contour define the angle coverage in azimuth, and made an angle of 178.5°, corresponding to 162 8 180°-θ. This angle coverage hadtwo main advantages over the full anglecoverage (360°-θ).First, the 163 opening in the contour allowed setting a fixed and broad illumination of the object for all the positions of 164 the array,i.e. an identical optoacoustic source. Second,it enabled to divide the total number of positions of 165 the array by a factor of two, while fulfilling the 'visibility' condition in the xy plane 31 . On the condition 166 that the lengths of the linear segments exceed the sizeof the imaged sample, the contour entirely contained 167 the samplein the xy plane.The length of the polygonsideswas chosen here to bea multiple ofL = 750 168 µm (Figure 1 (b) ). This elementary length corresponds to the full width half maximum(FWHM)of the 169 sensitivity fieldat 9.5MHz calculated for the fixed cylindrical focus of the array 38 . The maximum length 170 of the polygon sides was chosen to be 13.5mm,and thereforecomprised18 elementary segments of length 171 L (corresponding to n=9 on Figure 1(b) ).Theendpoints of these elementarysegments defined in this case 172 19 positions along a polygon side (2n+1 on Figure 1 grid, thegrowing apertures were centered on its z coordinate. The ratio of the depth to the aperture 241 length(i.e. the f-number in receive) was set to 0.5 here.Dynamic aperturealso compensates the geometrical 242 spreading (or diffraction attenuation) of the ultrasonic wave. In addition of being dynamic, the aperture 243 was also apodizedto avoid strong side lobes. A window function with a half-sine windowon each side(for 244 20% of the aperture on each side) and flat otherwise was implemented.This implementation aimed at 245 apodizing the aperture sides since other physical apodization of the signals also occursduring the 246 detection process,particularly due to the finite size of the detectors. 247
For accurate reconstructions, we experimentally determined the average speed of sound in the 248 medium cand the radius r (Figure 1(b) ). The speed of sound was determined by measuringthe first 249 phantom for a single position of the array. The microsphere was then placed in the median plane of the 250 array.Using the positions of the array elements specified by the manufacturer,the first time derivative of 251 the processed signals was backpropagated, on a 2D gridincluding the microsphere,assuming different 252 11 speeds of sound. The amplitude of the image was maximized for c = 1480m.s and were reconstructed with a round shape on the MAP image (Figure 2 (e) ). An amplitude gradient can 289 be seen along the x direction, due to the one sided illumination and optical scattering. 290
The reconstructions show that the translationrangedetermines the extent of the region where 291 thein-plane resolution has a two-dimensional isotropy and homogeneity. With the scan geometry 292
proposed here, the translationrange can therefore be adjusted to fully contain theimaged object. 293 The three-dimensional resolution of the system was investigated by imaging absorberswhichpeak 301 frequency is expected to be greater than the highest recorded frequency 46, 47 : Ø 50µm microspheres and 302 threads. 303
RESOLUTION OF ISOTROPICOBJECTS

304
The third phantom,comprised ofØ 50µm microspheres randomly spread over a cross section, was 305 imaged with the system. The MAP image along the z axis of the entire phantom is presented in Figure 3  306 (a), and shows that the microspheres could be reconstructed over the entire cross section. Besides 307 amplitude variations that could partially be attributed to the inhomogeneity of the light fluence, and a 308 thresholding of the brighter voxels, no loss of azimuthal resolution with the distance to the rotation axis is 309 noticeable. 310
The 3D resolution of two microspheres located at a distance of ~ 5mm from the rotation axis and 311 towards the open bound of the scan trajectorywas analyzed. A cuboid containing the two microspheres 312 (15·15·11 voxels)was extracted from the 3D image (green square, Figure 3 that,along the three directions,the two microspheres are resolved identically. The FWHM dimensionsof 317 one of the sphereswere determined to be: 140µmin-plane and 327µm in elevation (Figure 3(e) ). The 318 discrepancy between the two resolutions could beattributed to the limited view in elevation as opposed to 319 the full enclosure in-plane. 320
In addition to the two microspheres, the resolution was analyzed along the width of the phantom. 321
A volumetric sliceperpendicular to the y-axiswas selected.Its width was chosen so that microspheres are 322 spread all over thewidth of the phantom but with distinct x coordinates. The MAP images of the 323 slicealong the z-axis and the y-axis are shown in Figure 4 
RESOLUTION IN TERMS OF SEPARATION BETWEEN 2 OBJECTS
342
The fourth phantom,comprised of a cross from a Ø 50µm thread, was imaged to study the 343 resolutionin terms of ability to separate two objects. The MAP image along the y-axis is shown in Figure  344 5(a). Two slices orthogonal to the z-axis were selected from the volume and are presented in Figure 5 
ABDOMEN
368
The abdomen of the 7 day old mouse was imaged ex-vivo. The MAP image along the x-axis is 369 presented in Figure 6 (a). This image corresponds to the frontal projection. It is displayed here so that the 370 mouse legs are located at the bottom of the image, and the left side of the mouse is on the left of the 371 image (as if the mouse was seen from its back).Anatomical structures can be visualized,in particular the 372 kidneys, the spleen, a partial lobe of the liver, and the femurs (bone marrow). Several major vessels as the 373 abdominal aortaand the vena cava could be identified, but multitude of smaller vessels can be seen as 374 well, especiallyin the 3D visualization (Video 2) and in single slices (Figure 6 
388
HEAD REGION
389
The head of the 4 day old mouse was imaged ex-vivo. The MAP images along the x-axis and the 390 z-axis areshown respectively in Figure 7 
407
IV. DISCUSSION 408 We examined in this study the performance of a novel detection geometry for volumetric 409 optoacoustic tomography using a conventional linear array employed in ultrasound imaging. To make 410 optimal use of the detection characteristics of such a transducer, we investigated the role that translation 411 and rotation of the detector array in relation to the imaged object plays on the achieved image quality. The 412 study demonstratedthatthe proposed geometrical configuration provides a versatile system adapted to 413 perform whole-body small animal imaging. The arrangement allows theseamless adjustment of scan 414 parameters to fit the radial dimensions of the region-of-interest within the sample.The translationrange 415 along the polygon sides was shown to define the radial distance for which no loss of in-plane resolution 416 along the azimuthal direction could be noticed (Figure 2) .Conversely, the number of positions of the 417 detector array, and therefore the scanning time, can be adapted depending on the dimensions of 418 thesample.Two different mice and four phantoms were imaged in this study, which shows the 419 capabilitiesof the imagingsystem. 420
With a translationrange corresponding to the radial size of the sample, the in-plane resolution was 421 found to have two-dimensional isotropy and homogeneity over the width of the sample even for absorbers 422 emitting with peak frequencies higher than the low-pass cut-off frequency of the system 46 ( Figure 3 and 423 Figure 4) . The isotropy and homogeneity of the in-plane resolution are a consequence of the scanning 424 geometry, in which the sample is entirely contained and probed with a high density of sensor positions. In 425 this manner, optoacoustic waves arising from the entire sample were captured at each rotation angle, and 426 the full-view criterion was fulfilledin-plane.Indeed, for objectsinsidethe circledefined by 427 thetranslationrange, normal vectors drawn onto alltheirin-planeboundary pointspass in one direction the 428 detection angular aperture. In-plane boundaries could therefore be recovered stably performed. This effect is however expected to be less significant for larger absorbers since their peak 448 frequency is lower, which results in acorresponding focal zone with larger dimensions.A reconstruction 449 algorithm able to take into account the spatial impulse response of the detector, such as in ref.
33
, would be 450 needed to improve the in-plane resolution and amplitude homogeneity. Such investigations are beyond the 451 scope of this paper, but will be considered in future studies. 452
Due to using a dynamic apertureadjustment, the elevation resolution was shown to be kept 453 constant and uniform over a width of 15 mm (Figure 4 Additionally, the fine translation step implemented here aimed at capturing the high-frequency 490 components arising from the entire sample by translating the focal spot, so as to demonstrate the high 491 resolution capability of the detection geometry. If the required resolution is lower than in the present 492 study, the translation step-size could be accordingly adapted, which would result in shorter scanning 493 duration.A systematic study of the influence of each scan parameters on the image quality is beyond the 494 scope of this paper, but will be considered in the future to improve the acquisition time.Lastly, a higher 495 repetition rate laser could also be used to accelerate the acquisition of the signals, and the number of time 496 averages per positionoptimized in regards to the high number of individual measurements projections. 497
Finally, one major advantage of the novel detection geometry is its versatility in terms of the 498 interchangeability ofthe transducer array. No dedicated prototype was built, instead a conventional 499 ultrasound array was used. A large range of linear arrayshave already been developed for 500 ultrasonography, and are available commercially. Among the wide variety of length,number of elements, 501 and central frequencies available, the high central frequency detectors, and the large aperture ones are of 502 special interest for the proposed detection geometry. The combination of a large number of elements and 503 a smallpitchwould indeed allow increasing the angular aperture in elevation.Commercially available 504 linear arrays for medical ultrasound have as many as 512 elements, with a pitch ranging from λ/2 to 3λ/2 505 where λ is the wavelength corresponding to the central frequency of the elements 39 .The pitch of the linear 506 array used in this study was on the higher pitch range considering a central frequency between 5MHz and 507 7MHz.A smaller pitch would reduce the spatial averaging on the elements at frequencies higher than the 508 central one and improve the image quality.On the other hand, linear arrays with central 509 22 frequenciesranging from 30MHz to 65MHz [50] [51] [52] [53] [54] have been developed recently, and some are already 510 available commercially. Currently, to our knowledge, only linear and annular 55, 56 arrays have been 511 developed for such high frequencies. Array geometries where the elements are arranged on a concave 512 curved line or surface are a technical challenge at such frequencies. The high-frequency linear arrays 513 developed so far are moreovercylindrically focused to enhance their sensitivity, and tolimit spatial 514 averaging on thedetector surfacewithin the focal region.The novel detection geometry proposed here is 515 therefore adapted for these arrays,provided that the radial distance to the axis of rotation and the 516 translation steps are adapted to the array characteristics and the sample under study. Such a high 517 frequency system is expected to lead tovolumetricimages at mesoscopic scale of better quality than the 518 optoacoustic methods proposed so far, and will be investigated in the near future.Alternatively, a multi-519 sector scanning scheme,as developed for two-dimensionnal imaging in Ref 57 , could be investigated with 520 an array. Suchscanning scheme resembles the fan beam scanning method for the third generation of 521 computed tomography x-ray imaging 40 . 522
To go beyond the frequencies available for arrays, spherically focused transducers could be used 523 in similar detection geometry by translating the sensor along the elevation direction as well, or by 524 scanning the tangent planes of a sphere centered on the sample. As for the array, the focal zone The implementation of the geometry with a conventional medical ultrasound linear array, 534 designed to perform ultrasonography at 5.0/7.0 MHz, showed that whole-body volumetric optoacoustic 535 images of mice could be performed, with imaged features correlating well to the mouse anatomy. The 536 proposed geometry is therefore relevant for optoacoustic imaging of biological tissue. 537
